duplexes are assembled into a multi-component complex, which guides the sequence-specific recognition
cleavage assays were performed at 25ЊC in D. melanogaster lysate and at 30ЊC in HeLa S100 extract for 2.5 hr. the unwinding step and/or other conformational rearrangements. However, it is currently unknown if the After deproteinization using proteinase K, the reaction products were separated on a 6% sequencing gel. unwound strands of a siRNA duplex remain associated with RISC or whether RISC only contains a singleSimilar to the previous observation in D. melanogaster lysate, we observed the appearance of a cleavage prodstranded siRNA. The symmetric cleavage of sense and antisense target RNA by siRNA duplexes (Elbashir et uct in cytoplasmic HeLa S100 extract at exactly the same position, thus indicating that the siRNA duplex al., 2001b, 2001c) may be explained by the presence of approximately equal populations of sense and antisense guides target RNA cleavage in the human system with the same specificity and mechanism ( Figure 1B) pCp-radiolabeled and contained various 5Ј and 3Ј hydroxyl/phoscleavage, while modification of neither the sense 5Ј end nor of both 3Ј ends showed any inhibitory effect. In phate modifications ( Figure 2A ). All combinations of duplex siRNAs were fully competent for RISC-depenan identical experiment using D. melanogaster embryo lysate, we observed a similar pattern of RISC activity dent target RNA degradation (data not shown). As previously observed for D. melanogaster lysates (Nykä nen although the duplex carrying the 5Ј aminolinker-modified antisense siRNA showed some residual activity et al., 2001 ), rapid 5Ј phosphorylation of siRNA duplexes with free 5Ј hydroxyl termini was detected in HeLa S100 (data not shown). Presumably, introduction of additional atoms or the change in terminal phosphate electric extract ( Figure 2B ). To our surprise, we noted that a small fraction of the 3Ј-phosphorylated antisense siRNA charge at the 5Ј end of the antisense siRNA interfered with its ability to function as guide RNA. The critical was ligated to the opposing 5Ј hydroxyl of the sense siRNA producing a lower mobility band. 1983) . We chemically synthesized the predicted 5Ј-phosphorylated, 42 nt ligation product and found it unable to mediate target RNA cleavage (data not shown), presumably because it cannot form activated RISC. The majority of the 3Ј-phosphorylated siRNA duplexes was gradually dephosphorylated at its 3Ј end and emerged chemically similar to naturally generated siRNA. Together, these observations indicate that the cell has a mechanism to preserve the integrity of siRNAs. We were unable to detect proposed siRNA-primed polymerization products ( Figure 2B ), suggesting that siRNAs do not function as primers for template-dependent dsRNA synthesis in our system. However, we acknowledge that a proposed RNA-dependent polymerase activity may have been inactivated during preparation of our extract.
siRNAs Incorporated into RISC Do Not Compete with a Pool of Free siRNAs
In order to analyze RISC assembly and stability, we tested whether a target-unspecific siRNA duplex, was able to compete with a target-specific siRNA duplex. The unspecific siRNA duplex was directed against the Renilla reniformis luciferase sequence (Elbashir et al., 2001a). When specific and nonspecific siRNA duplexes were coincubated in HeLa S100 extract, increasing concentrations of unspecific siRNA duplex competed with the formation of target-specific RISC (Supplemental Figure S3 available at http://www.cell.com/cgi/content/ full/110/5/563/DC1). However, when target-specific siRNAs were preincubated in HeLa S100 extract for 15 min in the absence of competitor siRNA duplex, the assembled siRNA in the target-specific RISC could no longer be competed with the target-unspecific siRNA duplex. In both cases, the cap-labeled target RNA was added 15 min after the addition of the competitor siRNA duplex. This result suggests that RISC is formed during the first 15 min of incubation and that siRNAs were irreversibly associated with the protein components of RISC during the 2.5 hr time window of the experiment. nonbiotinylated siRNAs (data not shown). siRNA duplexes with biotin residues on both 3Ј ends were used for affinity purification ( Figure 3A ). The double biotinylated siRNA duplex was incubated in HeLa S100 extract in the The absence of a 210 kDa protein band in the affinity purified fraction, and also the relatively small observed size of RISC suggests that Dicer is not present in RISC. To test whether Dicer may be involved in the formation of RISC on synthetic siRNAs, we immunodepleted HeLa S100 extract using affinity purified anti-peptide sera against human Dicer (generously provided by E. Billy and W. Filipowicz). Efficient immunodepletion was confirmed by Western blotting (Supplemental Figure 
RISC Contains a Single siRNA Strand and Can Be Reconstituted Using Single-Stranded siRNAs
To address the constitution of siRNA strands in RISC, we affinity selected the assembled complexes using siRNA duplexes that were biotinylated at only one of the two constituting strands or both. If sense and antisense strands were present together in RISC, the cleavage activity should be affinity selected on Neutravidin independently of the position of the biotin residue. In contrast, we observed target RNA cleavage from UV eluates after streptavidin selection only for siRNA duplexes with biotin conjugated to the antisense strand, but not to the sense strand ( Figure 5 ). RISC activity, assembled on siRNA duplexes with only the sense siRNA biotinylated, remained in the flowthrough. These data suggest that RISC contains only a single-stranded RNA molecule.
To assess whether single-stranded siRNA may be able to reconstitute RISC, single-stranded siRNA as well as a siRNA duplex were incubated at concentrations between 1 to 100 nM with cap-labeled target RNA in HeLa S100 as well as D. melanogaster extracts (Figure 6 ). At 100 nM single-stranded antisense siRNA, we clearly detected RISC-specific target RNA cleavage in HeLa extract, thus confirming that single-stranded siRNA is present in RISC. At lower concentrations of singlestranded siRNA, RISC formation remained undetectable 
Biochemical Characterization of siRNA Function
Reconstitution of RISC activity was observed using cytoplasmic HeLa extract, but not nuclear extract, suggesting that RISC components are located predomi- RISC contains single-stranded siRNAs. First, conjugaour affinity purification, but it is also conceivable that crude RISC fractions are not suitable for precise size tion of the biotin affinity tag to the 3Ј end of the targetcomplementary guide siRNA enabled us to affinity select determination of RISC because of unspecific interactions encountered in an unpurified lysate. sense RNA-targeting RISC, whereas 3Ј biotinylation of the sense siRNA strand resulted in RISC activity in the Two proteins of the Argonaute family, eIF2C1 and eIF2C2 (human GERp95), were identified by mass specunbound fraction. Second, single-stranded antisense RNAs were shown to reconstitute RISC. The reconstitutrometry in the affinity-purified human RISC. Argonaute proteins are a distinct class of proteins, containing a tion of RISC from single-stranded siRNA was however less effective and required 10-to 100-fold higher con- components of the SMN complex, a regulator of ribois based on globular shape, we cannot disregard this possibility at this time. Before reconstitution of RISC is nucleoprotein assembly, suggesting that eIF2C2 plays a role in miRNA precursor processing or miRNA function not accomplished by using recombinant proteins, the possibility remains that the endonucleolytic activity re- (Mourelatos et al., 2002) . A more provocative hypothesis is that miRNAs are also in a RISC-like complex, which sides in another molecule that is limited in amounts and still escapes our detection. could potentially mediate target RNA degradation, if only perfectly matched miRNA target mRNAs existed. Sequence analysis using cloned human and mouse Single-Stranded 5-Phosphorylated Antisense siRNAs as Triggers of Mammalian miRNAs, however, did not reveal the presence of such perfectly complementary sequences in the genomes Gene Silencing It was previously noted that introduction of sense and (Lagos-Quintana et al., 2001 ). Therefore, miRNPs may only function as translational regulators of partially misantisense RNAs of several hundred nucleotides in length into C. elegans was able to sequence specifically silence matched target mRNAs, probably by recruiting additional factors that prevent dissociation from mishomologous genes (Guo and Kemphues, 1995). Later, it was suggested that the sense and antisense RNA matched target mRNAs.
Human eIF2C1 has not been linked to gene silencing preparation were contaminated with a small amount of dsRNA, which was responsible for the silencing effect previously, but it is more than 80% similar in sequence to eIF2C2 (Koesters et al., 1999) . This similarity may and is a much more potent inducer of gene silencing (Fire et al., 1998). Most recently, it was however shown indicate functional redundancy, but it is also conceivable that functional RISC may contain eIF2C1 and that 5Ј-phosphorylated antisense RNAs between 22 and 40 nt, but not sense RNAs, were able to activate gene eIF2C2 heterodimers. The predicted molecular weight of this heterodimeric complex would be slightly larger silencing in C. elegans, and therefore directly contributed to initiation of gene silencing (Tijsterman et al., than the observed size, but because size fractionation . Origin of splice junction rpm for 14.5 hr at 4ЊC using a Sorvall SW 60 rotor. Twenty fractions phosphate in tRNAs processed by HeLa cell extract. Cell 32, of 0.2 ml volume were removed sequentially from the top and 15 l 547-557. aliquots were used to assay for target RNA cleavage. For largescale protein purification, 400 ml of HeLa S100 extract was used.
Fire, A., Xu, S., Montgomery, M.K., Kostas, S.A., Driver, S.E., and UV-eluates were layered on top of a 12.8 ml glycerol gradient. UltraMello, C.C. (1998). Potent and specific genetic interference by doucentrifugation was performed at 37,000 rpm for 21 hr at 4ЊC using ble-stranded RNA in Caenorhabditis elegans. Nature 391, 806-811. a Centrikon TST 41.14 rotor. Twenty fractions of 0.64 ml volume Genschik, P., Billy, E., Swianiewicz, M., and Filipowicz, W. (1997). were sequentially removed from the top.
The human RNA 3Ј-terminal phosphate cyclase is a member of a new family of proteins conserved in Eucarya, Bacteria and Archea.
